Introduction
The tRNA CCA-adding enzyme is an RNA polymerase that catalyzes the untemplated synthesis and repair of the 3 H terminal CCA sequence of transfer RNA molecules. The major puzzle presented by this enzyme is how it is able to speci®-cally synthesize the nucleotide sequence CCA without the use of a templating oligonucleotide. The enzyme, which is responsible for the maturation of tRNAs, adds the last three nucleotides, CCA, to the tRNA 3 H end in all eukaryotes, many eubacteria and some archaea whose tRNA genes do not encode them. Inactivation of the CCAadding enzyme genes in yeast, for example, was fatal (Aebi et al., 1990) . The enzyme is also important in some eubacteria and archaea whose tRNA genes encode the last three nucleotides CCA, since inactivation of the gene encoding the enzyme in Escherichia coli impaired cell growth (Zhu & Deutscher, 1987) . A major functional role of the CCA-adding enzyme is to repair the tRNA 3 H end when the single-stranded CCA is damaged, as for example happens when 3 H exonucleases act on these RNAs.
All polymerases of known enzymatic mechanisms or structures employ the two-metal-ion catalysis mechanism (Steitz, 1999) , including, it is believed, the CCA-adding enzyme (Yue et al., 1996) . Mutation of either of the two catalytically essential carboxylates to alanine using site-directed mutagenesis abolished the polymerization activity (Yue et al., 1998) . Under physiological conditions, the enzyme recognizes the structural features common to all tRNAs, but not any other RNA molecules such as 5 S rRNA (Carre et al., 1970) . The three nucleotides are added in the order of C, C and A with high speci®city to tRNA nucleotide-73 without the use of any nucleic acid template (Deutscher, 1982) . Like many other polymerases, the speci®city of the CCA-adding enzyme is relaxed or lost when Mn 2 is used as divalent metal ion (Deutscher, 1982) . The CCA-adding enzyme appears to recognize some structural features of the acceptor stem in tRNAs including nucleotide-73 and perhaps the 5 ference experiments reveal that the bound acceptor stem of the tRNA remains stationary during the nucleotide addition (Shi et al., 1998) . This resembles the initiation of transcription by T7 RNA polymerase, during which the promoter recognition domain with the bound promoter remains stationary as short RNA transcripts are made (Cheetham et al., 1999) .
Two models have been proposed to explain how the enzyme speci®cally adds CCA without the use of any nucleic acid template. One suggestion posits that the enzyme possesses three speci®c binding sites for each of the three nucleotides (Deutscher, 1982) . Sequence homology to DNA polymerase b, however, strongly implies the existence of one site for catalysis and nucleotide binding; alternatively, it has been suggested that there is only one binding site formed at the interface between the enzyme and the bound, elongating tRNA molecule (Shi et al., 1998) . In this model, the primer strand accumulates at the single active site and participates in the speci®city change for addition of the ®nal A (Shi et al., 1998) . We postulate here a third model that incorporates elements of both previous models.
We now show that Sulfolobus shibatae CCAadding enzyme (SSCCA) is a homodimer without tRNA, but forms a tetramer upon the binding of only two tRNA molecules. The availability of four active sites for only two bound tRNA molecules provides the possibility that one pair is speci®c for adding C while a second pair is speci®c for adding A.
Results
The CCA-adding enzyme is a stable salt-resistant dimer Sulfolobus shibatae CCA-adding enzyme is a dimer. Size exclusion chromatography shows that it runs as a well-de®ned oligomer of 100 kDa from the elution pro®le (Figure 1) . We observed the identical elution pro®les at protein concentrations from 1-10 mg/ml. Since the molecular weight of the monomeric enzyme is 48 kDa, the enzyme is a dimer. Because the elution volume of a protein from size exclusion chromatography column may be dependent on the molecular shape in addition to the molecular weight, we used multi-angle laser light-scattering (MALLS) experiments in combination with size exclusion chromatography to con®rm the oligomeric state of SSCCA in solution and to eliminate the shape effect. Once again the S. shibatae CCA-adding enzyme in solution was found to be a dimer. The measurements were carried out at different angles using on-line light scattering, absorbance, and refractive index detectors. The molecular weight was calculated from the refractive index measurement, which is highly dependent on the molecular mass and less dependent on the shape (Wyatt, 1993) . The measured refractive index for SSCCA showed that the molecular weight of the oligomer was 98 kDa when calibrated with bovine serum albumin using MALLS (Figure 2 ). The elution pro®le shows a single symmetric peak, indicative of a monodisperse and single species of SSCCA oligomer, in the presence of 400 mM NaCl (Figure 2 ). The elution pro®les were monitored by UV absorption at 280 nm. Six different standard molecular weight markers were used to obtain the calibration curve of protein sizes. After the elution volume of SSCCA and SSCCA/tRNA complex were measured, the molecular weights of the protein and the complex could be derived from the calibration curve and calibration equation. The result shows that in solution SSCCA is a dimer in the absence of tRNA molecules and a tetramer in the presence of tRNA molecules.
The dimeric state of S. shibatae CCA-adding enzyme is not affected by high ionic strength. The elution volume, elution pro®le, and refractive index of the enzyme were unchanged in the range of 20 mM to 2.0 M NaCl (data not shown).
Dimeric CCA-adding enzyme has an unusually large radius of gyration Small-angle X-ray scattering (SAXS) experiments provide information about both the mass and the shape of oligomeric CCA-adding enzyme in solution. The slope of a Guinier plot of the X-ray scattering from macromolecules as a function of scattering angle provides the radius of gyration, and the intercept (I o ) at the zero scattering angle provides the molecular mass of the macromolecule (see Materials and Methods). The results of the SAXS experiments are summarized in Table 1 for both the apo-enzyme and the enzyme-tRNA complex as described below.
SAXS experiments also show that S. shibatae CCA-adding enzyme is a dimer in solution. The measurement of the molecular mass of the SSCCA oligomer requires standard molecular weight markers for calibration. When RNase A was used (M r 14 kDa, I o À 7.617) for calibration, the molecular mass of the SSCCA oligomer was 99.5 kDa (I o À 5.656, see Table 1 ); when egg white lysozyme (M r 14.3 kDa) was used, the SSCCA molecular mass was 91 kDa (data not shown); when bovine serum albumin (M r 66.4 kDa) was used, the SSCCA molecular mass was 93 kDa (data not shown). Since the monomeric molecular mass of this enzyme is 48 kDa, it is clearly a dimer in solution, consistent with the results from size exclusion chromatography and MALLS.
Dimeric SSCCA has a larger radius of gyration than expected for a sphere. The measured slope of the Guinier plot for SSCCA was À400, which corresponds to a radius of gyration of 34.6 A Ê (Table 1) . This is a larger radius of gyration for the dimeric CCA-adding enzyme than would be expected for a sphere. We calibrated the SAXS experiments with bovine pancreatic RNase A, a globular, spherically shaped macromolecule. Its measured slope was À70 (data not shown), which corresponds to the radius of gyration 14.5 A Ê . This was consistent with the calculated radius of gyration (14.4 A Ê ) from the atomic coordinates. If we assume that dimeric SSCCA is a globular, spherically shaped molecule, the expected radius of gyration is 27.4 A Ê , which is about 7.2 A Ê smaller than the observed value. So the shape of the SSCCA dimer is thus expected to not be a solid sphere, but could be modestly elongated with a 2:1 axial ratio or have a large gap or hole between subunits.
CCA-adding enzyme binds tRNA in 2:1 molar ratio
We examined the molar ratio of enzyme to tRNA in the complex using the gel electrophoresis band mobility shift assays (Fried & Crothers, 1981) . The results suggest that CCA-adding enzyme binds tRNA in 2:1 molar ratio (Figure 3 ). When the enzyme/tRNA molar ratio was 1:1, only 50 % of tRNA was shifted ( Figure 3 , lanes 2, 4, 6). Only when the molar ratio of enzyme to tRNA was revised to 2:1 did nearly 100 % of tRNA shift ( Figure 3 , lanes 1, 3, 5). We carried out the experiments at enzyme concentrations from 10-80 mM and tRNA concentrations from 10-40 mM while keeping the molar ratio at 2:1 and 1:1. The gel shift column was used for size exclusion chromatography of SSCCA. The elution pro®les were monitored by UV absorption at 280 nm, light scattering at 690 nm and differential refractometry. When the refractive index was calibrated with bovine serum albumin, the measured solution molecular weight for SSCCA was 98 kDa (the corresponding Y value of the dark line). This result reveals a dimeric enzyme in solution with an error of AE 2 %.
Model of CCA-adding Enzyme Speci®city
was not affected by the successive dilution from 40, to 20, and to 10 mM, consistent with the previously obtained k d of 0.5 mM (Shi et al., 1998) .
Our initial interpretation of the observed 2:1 molar ratio of enzyme to tRNA in the complex was that the dimeric enzyme bound to one tRNA. This was the most straightforward interpretation because the enzyme indeed formed a stable saltresistant dimer in solution, and neither dissociation nor aggregation of the dimeric enzyme was observed. Moreover, some other proteins that bind tRNA maximize the tRNA-interacting surface by dimerization. These include Trbp111, a tRNA transport protein (Morales et al., 1999) , and tyrosyltRNA synthetase (Ward & Fersht, 1988) . However, SAXS experiment (described below) showed in contrast to this interpretation that the enzyme forms a tetramer upon ®nding two tRNA molecules.
We observed a single species of the enzyme/ tRNA complex using the gel electrophoresis mobility shift assays in the presence of 100 mM NaCl (Figure 3) . The actual complex is a tetrameric enzyme with two tRNAs as shown below. In an effort to detect some intermediate species of the complexes, we tried to dissociate the complex by increasing ionic strength. We repeated the same gel electrophoresis mobility shift assays in the presence of 100 to 900 mM NaCl in order to capture some intermediates such as one dimeric or one tetrameric enzyme with one tRNA (Figure 4 ). As expected, the amount of the complex formed gradually decreased with increasing salt concentrations. However, in all salt ranges, there was a single species of the enzyme/tRNA complex that corresponded to a tetrameric enzyme with two tRNAs. A middle point of a sharp transition from unbound tRNA to the complexed tRNA appeared to be near 500 mM NaCl (Figure 4 ). The absence of any intermediate species other than the 4:2 enzyme/tRNA complex suggests that both the binding of two tRNAs and the formation of tetrameric enzyme are highly cooperative. However, the degree of cooperativity could not be determined in this study.
Induced formation of tetramers from the dimeric enzyme upon the binding of two tRNAs
We used SAXS experiments to measure both the absolute molecular mass and physical size of the enzyme/tRNA complex formed, since the gel electrophoresis band mobility shift assays only establish a molar ratio. We observed that the binding of two tRNA molecules induced the formation of a tetrameric enzyme. The total molecular mass, determined from I o of the SAXS experiments ( Figure 5 ), was 242.0 kDa, consistent with the expected values of 242 kDa for the tetrameric enzyme with two bound tRNAs. The same molecular mass with less than 5 % errors was observed at complex concentrations from 1-10 mg/ml (data not shown). Phe at various NaCl concentrations. SSCCA and tRNA (molar ratio about 2:1) were incubated at various NaCl concentrations and electrophoresed on a 12 % native polyacrylamide gel (lanes 2-7) . The tRNA alone was used as control (lane 1). The gel was stained in ethedium bromide solution. Figure 5 . Small angle X-ray scattering of SSCCA (triangles) and SSCCA/tRNA complex (1:1 in squares and 2:1 in circles). RNase A was used as molecular weight standard. All results are summarized in Table 1 . To avoid overlaps, the SSCCA/tRNA(2:1) curve is shifted one unit down and the SSCCA curve is shifted two units down. Errors for each of the data points are included in bar representation.
Model of CCA-adding Enzyme Speci®city
We increased tRNA concentration to a molar ratio of 1:1 in the mixture solution and repeated the SAXS experiments in order to ascertain that the observed enzyme/tRNA 2:1 molar ratio in the complex was not due to the deprivation of tRNA. Under this 1:1 molar ratio condition, no tRNA would remain free in solution if the complex contains a 1:1 enzyme/tRNA ratio, and 50 % of the tRNA would remain free in solution if the complex contains a 2:1 enzyme/tRNA molar ratio. In the latter case, the free tRNA has the same amount but twice molarity as the bound tRNA in the complex ([SSCCA] 4 .[tRNA] 2 ). Since the molecular mass of any unbound tRNA is about 1/10th that of the enzyme/tRNA complex, and its molar concentration is about twice, the contribution of free tRNA to the SAXS I o should be 1/50th that of the complex and negligible (see Materials and Methods). This was precisely what happened in the 1:1 solution molar ratio for the enzyme to tRNA. The intercept I o was À4.769 from the Guinier plot ( Figure 5 ). This resulted in molecular mass of 241.5 kDa, consistent with the expected 242 kDa of the 4:2 enzyme/tRNA complex. Therefore, even in the presence of enzyme/tRNA 1:1 ratio in solution, only the 4:2 enzyme/tRNA complex was formed. The slope of the Guinier plot also excluded the possibility of the 1:1 enzyme/tRNA complex, since the Guinier plots for the two experiments with two different molar ratios precisely superimposed on each other ( Figure 5 ). The complex had correlation coef®cients of 0.998 for curve-®ttings to both Guinier plots ( Figure 5 and Table 1 ).
An analysis of variance (Cohen & Cohen, 1983) on the three conditions, SSCCA alone, SSCCA/ tRNA 1:1 mixture and SSCCA/tRNA 2:1 mixture, showed a signi®cant difference among them, F(2, 32) 71.12, p < 0.0001. Follow-up tests showed that SSCCA was signi®cantly different from SSCCA/tRNA 1:1 mixture, t(16) 8.989, p < 0.0001, and from SSCCA/tRNA 2:1 mixture, t(16) 8.144, p < 0.0001, whereas no difference was found between SSCCA/tRNA 1:1 mixture and SSCCA/tRNA 2:1 mixture, t(21) 0.955, p0.351. These data con®rmed the predictions that the latter two conditions had similar diffraction patterns.
The radius of gyration of the enzyme/tRNA complex was 45.6 A Ê based on the SAXS experiments (Table 1) . If the complex is a spherically shaped assembly, the radius of gyration is 37.6 A Ê , which is 8.0 A Ê smaller than the observed.
The formation of the 4:2 enzyme/tRNA complex was con®rmed by size exclusion chromatography. The elution pro®les show that the complex has an apparent molecular mass of 228 kDa (Figure 1 ). Since the gel electrophoresis band mobility shift assays de®ned a 2:1 enzyme/tRNA binding molar ratio, the closest molecular mass is 242 kDa (Table 1) , as expected for the 4:2 enzyme/tRNA complex.
Discussion
Models for the tRNA-induced formation of a CCA-adding enzyme tetramer There are at least three ways that binding of tRNA might induce the formation of tetramer from Figure 6 . Models for the tRNA-induced formation of a CCA-adding enzyme tetramer. In the ®rst model (a), two dimeric enzymes are brought together exclusively by the bound tRNAs, and all interactions are mediated through the bound tRNAs. In the second (b) and third (c) models, the complex contains a tetramer of the enzyme. In the second model (b), the tRNA molecules bind simultaneously to the extensive sites on both dimers and strengthen the dimer-dimer interactions by serving as a macromolecular crosslink. In the third model (c), each tRNA binds to only one dimer, and induces conformational changes in the enzyme that favor dimerization. the dimeric CCA-adding enzyme (Figure 6 ). In the ®rst model, two dimers are brought together exclusively by the bound tRNAs, and all interdimer interactions are mediated through the bound tRNAs. In this model, the complex contains two distinct, non-interacting dimers. In the second and third models, the complex contains a tetramer of the enzyme. In the second model, the tRNA molecules bind simultaneously to extensive sites on both dimers and strengthen the dimer-dimer interactions by serving as macromolecular crosslinks. A dimeric serine protease inhibitor ecotin also further dimerizes to form a tetramer with two bound proteases, and in the complex there exist both ecotin-ecotin dimer interfaces and ecotin-protease interfaces (Gillmor et al., 2000) . In the third model, each tRNA binds to only one dimer, and induces conformational changes in the enzyme that favor dimerization. These three models provide a framework for future biophysical and biochemical studies of this enzyme.
A``scrunching-shuttling'' model for CCA adding specificity
The number of active sites that exist in the CCAadding enzyme has long been a controversial issue. Kinetic studies have been interpreted to indicate the existence of different binding subsites for ATP and CTP (Deutscher, 1982) , which in turn implies that there are different catalytic sites in the enzyme for adding A and adding C. This model was also supported by the ®nding that the addition of A could be totally inactivated by periodate-oxidized ATP, an af®nity reagent, while substantial activity for addition of C still remained (Masiakowski & Deutscher, 1980) . A recent mutagenesis study, however, has been interpreted to imply the existence of a single binding site for both ATP and CTP and thus a single active site is responsible for addition of both nucleotides (Yue et al., 1998) . Mutations of Asp53 or Asp55 in the S. shibatae CCA adding enzyme signature sequence abolish addition of both C and A (Yue et al., 1998) . This result rules out the existence of two different catalytic sites per subunit, but not the possibility that the same catalytic residues are associated with nucleotide binding sites whose speci®city for A or C is different in different subunits, as described below.
A third model for the untemplated speci®city of this enzyme for adding C and A is suggested by the tRNA-induced tetramer formation and its halfof-the-sites tRNA binding activity (Figure 7) . The possibility exists that the dimerization of the apoenzyme dimers upon tRNA binding positions two active sites (one from each dimer) adjacent to the 3 H terminus of each tRNA molecule. For Figure 7 . A``scrunching-shuttling'' model for CCA adding speci®city. In (a), one tRNA molecule is bound by two enzyme molecules: one has an active site speci®c for A addition and the other has an active site speci®c for C addition. In (b), C is added to the 3 H terminus of tRNA in the C adding site. In (c), a``scrunching'' of the singlestranded 3
H terminus only allows the addition of a second C in the same C adding site, but not the addition of a third C. In (d), after the addition of two C bases, the¯exible 3 H terminus is long enough to``shuttle'' from the C adding site to a second active site, A adding site, on another subunit. In (e), after the last A is added, the nucleotide addition stops and tRNA dissociates from the enzyme afterwards. example, the crystal structure of tRNA splicing endonuclease (Li et al., 1998) has two pairs of catalytic active sites at the subunit interface of a tetrameric enzyme that does not have the exact 222 or D2 symmetry. If the CCA adding enzyme tetramer similarly does not have the D2 symmetry, then it is possible that one pair of active sites has a structure that is speci®c for adding C and a second pair of active sites has a somewhat altered structure that is speci®c for adding A. In this model, two C bases would be added in the ®rst active sites after which the¯exible 3 H terminus could be long enough to reach a nearby active site speci®c for adding A.
The model for the speci®city of nucleotide addition made possible by the existence of two active sites per bound tRNA molecule has some features present in each of the previously suggested models (Figure 7) . The successive addition of two C bases at a C-speci®c active site would require an accumulation or a``scrunching'' of the single-stranded product, since protection experiments show that the bulk of the tRNA does not move upon addition of CCA (Shi et al., 1998) . This primer strand scrunching would be analogous to the template scrunching observed in the crystal structure of a transcription initiation complex of T7 RNA polymerase (Cheetham et al., 1999 ). Thè`s huttling'' of the 3 H terminus from a C-speci®c active site to a second A-speci®c active site on another subunit is analogous to the movement of the 3 H terminus of misacylated tRNA Ile from the synthetic to editing active sites of Ile-tRNA synthetase (Silvian et al., 1999) . The speci®city for making only CCA would arise if the ®rst active site is speci®c for adding C and can only scrunch the primer strand substrate to add two, but not three C bases. The speci®city for adding an A only after the addition of two C bases would arise if the second active site has an altered structure that is speci®c for adding A and can only be reached by the 3 H terminus of the tRNA after the addition of two C bases. Addition of a second A would be sterically prohibited, although the prohibition may not be strict. For example, under some conditions, a second A can be added by CCA adding enzymes, although at low levels (Deutscher, 1982) .
Materials and Methods
Chemicals, and calibration proteins and tRNA Phe All chemicals used in the study were purchased from Sigma: tRNA Phe , chicken egg white lysozyme, bovine serum albumin, bovine pancreatic RNase A, horse spleen apoferritin, sweet potato b-amylase, yeast alcohol dehydrogenase, bovine erythrocytes carbonic anhydrase, and horse heart cytochrome c.
Purification of Sulfolobus shibatae CCA-adding enzyme
The overexpression and puri®cation of SSCCA were modi®ed from the previously described procedures (Shi et al., 1998) . In short, E. coli BL21 was transformed by the expression plasmid; cells from a single colony were inoculated and grown in ten liters LB medium containing 50 mg/ml ampicillin and at 37 C. The cca gene expression was induced by the addition of 0.3 nM isopropyl-b-galatopyranoside (IPTG) at 0.6 A 600 . After induction, cells continued to grow overnight and then were harvested by centrifugation. The cell pellet was resuspended in a buffer containing 20 mM Tris-HCl (pH 7.2), 1 mM DTT, 0.5 mM EDTA, and 0.5 mM pheylmethylsulfonyl¯uoride (PMSF). Cells were lysed by sonication and the crude cell lysate was incubated at 70 C in a water bath for 15 minutes in which most E. coli proteins were denatured and precipitated out and SSCCA remained in the supernatant. After centrifugation, the supernatant was loaded on SP-Sepharose column (Pharmacia). Fractions containing SSCCA as determined using SDS-denaturing polyacrylamide gel electrophoresis (PAGE) were pooled and loaded on a HiTrap-Q column. SSCCA was collected from the¯ow-through, concentrated using a Centricon-30 Amicon), and stored at À20
C. The yield of pure SSCCA was about 30 mg/ten liter culture.
Size exclusion chromatography and multi-angle laser light scattering experiments Superdex-200HR (Pharmacia) was used as a size exclusion column for SSCCA and SSCCA/tRNA complex. The puri®ed SSCCA was dialyzed into a running buffer that was pre-equilibrated with the size-exclusion column. The buffer contains 20 mM Tris-HCl (pH 7.2), 100 mM-2.0 M NaCl (100 mM-400 mM NaCl for the complex) 3 mM MgCl 2 . The ®nal enzyme or complex concentration was 1-10 mg/ml. The¯ow rate was 0.5 ml/minute with 300 ml of the SSCCA sample loaded. The elution pro®les were monitored at 280 mM by UV absorption. The calibration curve of protein sizes was obtained by using standard chromatography molecular weight markers: apoferritin (443 kDa), b-amylase (200 kDa), yeast alcohol dehydrogenase (150 kDa), bovine serum albumin (60 kDa), bovine erythrocytes carbonic anhydrase (29 kDa), and horse heart cytochrome c (12.4 kDa). The best-®t euation for the calibration curve is:
where M r is the moecular weight and V e /V o is the ratio of elution volume to void volume (8.5 ml as determined by blue dextran, 2000 kDa).
Multi-angle laser light scattering experiments were carried out in similar conditions to the above size exclusion chromatography, except that the elution of HR-10/ 30 Superdex-200 (Pharmacia) was monitored by on-line light-scattering, absorbance, and refractive index (n) from multi-angle laser light-scattering measurement (Wyatt Technology, Corp.) . The¯ow rate was 0.5 ml/ minute with 150 ml of the SSCCA sample loaded. The elution pro®les were monitored at 280 nm by UV absorption, at 690 nm using the Mini-Dawn lightscattering instrument and differential refractive index using the Optilab refractometry (Wyatt Technology, Corp.) . The data were analyzed using the Astra software, and the value of dn/dC for protein is 0.185, which measures the change in refractive index (dn) caused by the change of protein concentration (dC) (Wen et al., 1996) . Bovine serum albumin was used as the calibration standard.
Electrophoresis mobility gel shift assays
The binding of SSCCA to the commercially available tRNA Phe was carried out using the electrophoresis mobility gel shift assays. The concentration of SSCCA was calculated from the extinction coef®cient of 1 A unit per 0.7 mg/ml at 280 nm, which was determined by amino acid analysis at the Keck facility at Yale University. The concentration of yeast tRNA Phe was calculated from the extinction coef®cient of A unit corresponding to 46 mg/ ml concentration at 260 nm (Shi et al., 1998) . SSCCA and tRNA Phe were pre-incubated for two hours at room temperature in the sample buffer containing 100 mM TrisHCl (pH 7.2), 20-900 mM NaCl, 3 mM MgCl 2 before they were loaded onto 12 % (w/v) PAGE native gels. The gels were run at 100 V for about two hours at room temperature, stained with 1 mg/ml ethidium bromide solution for one hour, and de-stained in distilled water for another hour. The free and bound tRNA bands were visualized using UV-shadowing.
Small-angle X-ray scattering analysis
The SAXS experiments were carried out using a home radiation source at the Center for Structural Biology at Yale University. Puri®ed SSCCA used in the SAXS experiment were dialyzed into a reference buffer containing 20 mM Tris-HCl (pH 7.2), 20-100 mM NaCl, 3 mM MgCl 2 . The ®nal concentration was 10 mg/ml for RNase A as the standard marker, 1-10 mg/ml for SSCCA and 1-10 mg/ml for the SSCCA/tRNA complex. All experiments were carried out at room temperature. The integration times were two hours for the blank, six hours for the RNase A, and eight hours for SSCCA and SSCCA/ tRNA complex.
The Guinier approximation (Guinier, 1939) holds for a homogenous solution of monodispersive particles at suf®ciently small scattering angles:
where I(Q) is the relative scattering intensity, I o is the scattered intensity at zero angle, Q is the momentum transfer as de®ned Q 4p sin(y/l), R g is the radius of gyration, 2y is the scattering angle, and l is the wavelength of 1.5418 A Ê for CuK a radiation. The Guinier plot of ln I(Q) versus Q 2 , yields R g from the slope and molecular mass from the zero-angle scattering I o from the intercept. I o is a function of the macromolecular concentration and the solution molecular weight (M r ). For the accurate analysis of R g and M r , we ensured that there was a suf®-cient number of data points with QR g < 1.0 for each complex. Speci®cally:
Because Mass concentration (mg/ml) is proportional to M r and the molar concentration, it follows that:
